Introduction
[2] Topography creates a mosaic of uplands, critical transition zones (i.e., transiently saturated areas in isolated depressions or adjacent to wetlands, streams and lakes) and wetlands within forest ecosystems, which results in heterogeneity in the precursors and products of soil carbon cycling [Swanson et al., 1988] . Eddy covariance methods have been very useful to monitor temporal variability in net ecosystem exchange (NEE) from forests over areas up to 1 km 2 [Schuepp et al., 1990] . However, this method fails to provide an understanding of the contribution of topographic features within the landscape as sources of CO 2 to the atmosphere [Wang et al., 2006] and thus is limited in its ability to extrapolate estimated effluxes to adjacent areas or to larger extents.
[3] There has been recent interest in the spatial heterogeneity of soil respiration (Rs) in forest ecosystems [e.g., Epron et al., 2006; Sotta et al., 2006; Vincent et al., 2006; Webster et al., 2008] . For example, Webster et al. [2008] showed that Rs within a sugar maple forest (Acer saccharum Marsh.) was temporally variable among sampling dates within the snowfree period (April to November) and spatially heterogeneous among topographic features. Inner and outer wetland areas had low rates of Rs (medians of 1.30 mmol CO 2 m À2 s À1 and 0.82 mmol CO 2 m À2 s À1 , respectively). Upland areas which include backslope and crest features had moderate rates, 1.6 times the rate of Rs in the wetland (medians of 2.35 mmol CO 2 m À2 s À1 and 1.55 mmol CO 2 m À2 s À1 , respectively). Critical transition zones which include toeslope and footslope features had high rates of Rs, 2.8 times the rate of Rs in the wetland (medians of 2.98 mmol m À2 s À1 and 3.07 mmol CO 2 m À2 s À1 , respectively). The high rate of Rs from critical transition zones was the result of synchronicity in optimal soil moisture and soil temperature conditions plus large pools of good quality carbon substrate, particularly freshly fallen leaves. Generally, upland rates of Rs were limited by conditions that were too dry and wetland areas were limited by conditions that were too wet [Webster et al., 2008] .
[4] There have been few attempts to scale Rs from plots to landscapes. Among the studies that have examined the relationship of Rs to topographic features [e.g., Hanson et al., 1993; Davidson et al., 1998; Epron et al., 2006; Sotta et al., 2006; Yu et al., 2008] , only Sotta et al. [2006] scaled flux estimates based on the knowledge of the proportion of different topographic features and their total annual Rs. Knowledge of the contribution of individual topographic features to landscape Rs is important for understanding their response to variations in climate [Hyvönen et al., 2007] . If climatic conditions change, the location, size and strength of the areas with peak Rs production may shift. Furthermore, disproportionate increases or decreases in rates of Rs from individual topographic features with variable climate may result in under-or over-estimation of the strength of the forest as a carbon source or sink. The ability to map the magnitude and distribution of Rs from topographic features and understand the sensitivity of these topographic features to variations in climate is a necessary tool for carbon accounting in forested landscapes for current and future climatic conditions.
[5] This paper focuses on scaling plot-based measurements of Rs from individual topographic features on hillslopes to catchment and basin scales. The goal is to explore if different spatial partitioning schemes (e.g., fine spatial partitioning where many topographic features are represented versus coarse spatial partitioning where few topographic features that are averages of their component features are represented) will affect the estimate of catchment-aggregated Rs (CAR) and if the nature of this effect will vary with climatic conditions.
[6] Specifically, the following questions are addressed: [7] 1. What effect does spatial partitioning have on estimates of CAR? The hypothesis is that simplification of a landscape into a single topographic feature (e.g., backslope) will result in significant under-or over-estimation of CAR depending on the proportion of topographic features in the catchment.
[8] 2. How does climatic variability, as represented by scenarios of cool-dry, cool-wet, warm-dry and warm-wet, relative to climate normal conditions for a region, affect spatially averaged estimates of CAR? The hypothesis is that CAR will increase under warm conditions and that coarser partitioning will lead to under-or over-estimation of CAR depending on the proportion of topographic features in the catchment and climatic conditions.
[9] The Turkey Lakes Watershed (TLW) is an experimental forest in the Algoma Highlands region of central Ontario that has been the subject of intensive forest, biogeochemistry, and hydrology research for the past 20+ years [Jeffries and Foster, 2001; Jeffries, 2002] . The paper focuses on two catchments within the TLW that represent the extremes in topographic features found within the basin [Creed and Band, 1998; Creed et al., 2003] . One catchment (C35, 3.1 ha) is predominantly uplands. The other catchment (C38, 6.3 ha) contains uplands draining into critical transition zones and terminating in a forested swamp. The paper takes the knowledge gained from the two catchments and then extends it to the entire TLW basin.
Study Area
[10] TLW is a 10.5 km 2 experimental forest centered at 47°03 0 00 00 N and 84°25 0 00 00 W about 60 km north of Sault Ste. Marie in the Algoma Highlands of central Ontario (Figure 1 ). The climate is continental and is strongly influenced by proximity to Lake Superior, with mean annual precipitation and temperature of 1210 mm and 5.0°C respectively for the period 1981 to 2006. The topography (410 m relief) of TLW is controlled by bedrock which forms topographic features that include uplands (frequently dry), critical transition zones (intermittently wet) and wetlands (frequently wet). Glacial till covers the bedrock and Orthic Ferro-Humic and Humo-Ferric podzolic soils have developed with dispersed pockets of highly humified organic deposits (Ferric Humisols) found in bedrock-controlled depressions and adjacent to streams and lakes. TLW is covered by an old-growth (140 years and older), hardwood forest that is tolerant to shade and dominated (90%) by a relatively homogenous canopy of sugar maple (Acer saccharum Marsh.). The sparse understories of upland stands are dominated (more than 95%) by saplings and seedlings of sugar maple, whereas the understories of wetland stands are composed of the saplings and seedlings of the overstory trees, various ferns, herbs and a mix of feather and sphagnum mosses. Further details on the climate, bedrock, topography, soils and vegetation are found in special issues on the TLW, including Jeffries and Foster [2001] and Jeffries [2002] .
[11] Previous research within the watershed has investigated the patterns of soil respiration (Rs) and its environmental and substrate drivers from topographic features along northerly hillslopes within C38 [Webster et al., 2008] . They developed a model that explained 72.3% of the variance in Rs as a function of soil temperature, soil moisture, carbon in forest floor and organic or mineral soils, and carbon quality as indicated by the ratio of carbon to nitrogen (C:N) in these soils. That empirical relationship forms the starting point for scaling Rs to the landscape.
Methods

Classification of Topographic Features Along Hillslopes
[12] C35 and C38 were discretized into the following topographic features: crest (CR), backslope (BS), footslope (FS) and toeslope (TS) features (as defined by Conacher and Dalrymple [1977] ); and outer wetland (OW, the perimeter of the wetland) and inner wetland (IW, the center of the wetland). The digital terrain analyses used to delineate the topographic features were performed within the geographical information system software Terrain Analysis System (TAS) 2.0.9 [Lindsay, 2005] using a 2.5 m digital elevation model (DEM). The DEM was derived from spot height data collected by Light Detection and Ranging (LiDAR) technology that was gridded by re-sampling to 5 m resolution using bilinear interpolation. For further details on the topographic features and methods on the digital terrain analyses refer to Webster et al. [2008] .
[13] Applying this topographic classification of hillslopes to the catchments determined that C35 (3.1 ha) contains westerly hillslopes that are dominated by upland (80.8%, of which 76.2% is backslope and 4.6% is crest). The remainder of the catchment is critical transition zone (19.2%, with 3.9% toeslope and 15.3% footslope). C38 (6.3 ha) contains northerly hillslopes characterized by uplands (60.2%, with 54.7% backslope and 5.5% crest), critical transition zones (14.8%, with 9.9% toeslope and 4.9% footslope) and wetlands (25.1%, with 14.6% outer wetland and 10.5% inner wetland).
Sampling Strategy
[14] A combination of hillslope transects (within C38) and grid networks (covering C35 and C38) were used in establishing the experimental design of the study. For the hillslope transects, three planar hillslopes that contained all six topographic features (i.e., CR, BS, FS, TS, OW and IW) were established with plots for monitoring of Rs, soil temperature and soil moisture, and carbon pools (three replicates of each of six topographic features = 18 plots, Figure 2a ). Hillslopes within the catchment are predominantly northerly facing, and therefore the three planar hill- slopes with plots were located on northerly aspects. A grid network of sampling plots was established in C35 and C38 to determine if data collected from the three northerly hillslope transects were representative of other hillslopes with different aspect within the catchments (Figures 2a and 2b) . A grid network of 25 m Â 25 m was established in C35 and C38, and this grid network was sampled for soil temperature and soil moisture at 25 m intervals and sampled for carbon pools at 50 m intervals. It was not feasible logistically to monitor Rs on the grid networks.
Soil Respiration
[15] Rs was measured using a ground-based chamber method with gas concentrations recorded using a Vaisala CARBOCAP 1 Carbon Dioxide Probe GMP343 infrared gas analyzer (IRGA). The Rs sampling interval was daily during spring melt and autumn storms, weekly during early and late growing season, and every two weeks during the middle of the growing season in 2005.
Environmental Drivers
[16] On the northerly hillslope transects, environmental controls on the transformation of carbon pools to CO 2 efflux were measured with environmental sensors located at a depth of 5 cm into the mineral horizon, for which measurements were taken each 5 min, averaged each 30 min, and recorded on data loggers. Soil temperature was measured with thermocouples constructed using thermocouple wire (Type T, Omega FF-T-24-TWSH) and embedded into a 10 cm by 0.635 cm inner diameter (I.D.) copper tube with epoxy. Soil moisture was measured using a Campbell Scientific CS616 Water Content Reflectometer (WCR, Campbell Scientific Canada Corp., Edmonton, AB). Output from the WCRs was converted to relative volumetric water content based on calibration equations provided by the manufacturer for upland soils and provided by Yoshikawa et al. [2004] for the wetland soils.
[17] On the grid networks, soil moisture and soil temperature data were collected on backslope features (i.e., where differences in environmental conditions were expected to be the largest) within C35 and C38 (Figure 2b ). Backslope features in the catchments were sampled three times, once per month, in June, July and August of 2005. Soil moisture was measured in the top 6 cm of the soil layer using a DeltaT Theta probe, with voltages corrected to volumetric water content using a calibration for organic material provided with the manual [Delta-T Devices Ltd., 1999] . Soil temperature was measured at 5 cm into the soil using a portable digital thermometer.
Carbon Pools
[18] On both northerly and southerly hillslope transects and grid networks carbon pools were sampled. The carbon pools were partitioned into: (a) freshly fallen leaves (FFL) representing a relatively young (<1 year) carbon pool that is available for decomposition at the start of the next growing season; (b) forest floor (LFH) including the litter layer (1 year old material composed of the partially decomposed leaves from the previous year), the fibric layer (2-3 years old material composed of fragmented leaves collected below the litter), the humic layer (4+ years old material composed of degraded leaves collected below the fibric layer), as well as fine roots that grew within the LFH [Fahey and Hughes, 1994] ; and (c) mineral soil in the organic-rich surface layer of the A-horizon or peat to a maximum depth of 5 cm (soil).
[19] Five replicates of FFL were collected on a 30 cm Â 30 cm mesh placed on the surface of the forest floor prior to leaf fall and collected prior to the development of a snowpack. Six replicates of LFH were collected by cutting 15.5 cm Â 15.5 cm blocks into the forest floor during summer. For crest, backslope, footslope, and toeslope topographic features, six replicates of soil were collected for chemistry with an open-sided sampler (40 cm Â 4.4 cm I.D.) and three replicates of soil were collected for bulk density with a split core sampler (32 cm Â 4.8 cm I.D.). Stones greater than 2 mm were removed and weighed to correct for coarse fragment content. In wetland plots, six replicates of soil were collected for chemistry and three replicates of soil were collected for bulk density with a Jeglum sampler (7.6 cm Â 7.6 cm Â 50 cm) [Jeglum et al., 1992] . Samples were air-dried at 25°C for chemistry, ovendried at 60°C for bulk density of forest floor and peat, and oven-dried at 105°C for bulk density of mineral soil, until the mass of the sample did not change in consecutive weighing. Samples were analyzed for total carbon and total nitrogen with a Carlo-Erba NA2000 analyzer (Milan, Italy). ). Carbon and nitrogen pools in LFH and soil were calculated by multiplying carbon and nitrogen concentration (g g À1 soil or peat) by bulk density (g soil or peat m
À3
) and then by depth (m).
Scaling Approach
[20] Scaling Rs from the plot-based measurements to the catchment was done in two steps. First, plot-based measurements of Rs from each topographic feature were temporally integrated to the snowfree period. Second, plot-based measurements of the snowfree period were spatially aggregated based on the area of each topographic feature in the catchment.
[21] Temporal integration of Rs was achieved by calculating the cumulative Rs during the snowfree period using an exponential model (equation (1)). The model, in which the exponent is a polynomial expression that is linear with respect to soil temperature (°C) and quadratic with respect to soil moisture (% by volume), with linear offsets for carbon quantity and quality, explained 72.3% of the variance in Rs (p < 0.0001, SE = 1.123) [Webster et al., 2008] : , C:N FFL is the ratio of carbon to nitrogen in the freshly fallen leaves layer, C:N LFH is ratio of carbon to nitrogen in the litterfibric-humic layer and C:N Soil is the ratio of carbon to nitrogen ratio in the A-horizon to a maximum depth of 5 cm.
[22] This exponential Rs model was used to calculate daily Rs from topographic features by inserting daily mean soil moisture and daily mean soil temperature of the topographic feature from the northerly hillslopes and from the mean carbon pool quantity and quality from the topographic features on hillslopes with different aspects into equation (1). The daily values were then summed over the snowfree period of 1 April to 30 November for each topographic feature. Errors in the temporally integrated values of Rs were determined by propagating the additive daily error in Rs by taking the square root of the sum of squares of the standard error of the daily estimate of Rs over the entire snowfree period [Taylor, 1982] .
[23] Spatial aggregation of Rs was achieved by multiplying the cumulative snowfree period Rs by the area of the topographic features in the catchments. Four spatial partitioning schemes were used to assess the influence of spatial partitioning of topographic features on CAR in C35 and C38 (Figures 2b and 3) . The finest spatial partitioning scheme was the catchment partitioned into the six topographic features. Coarser resolutions were made based on aggregation of these topographic features. A second scheme (UTW) partitioned the catchment into three features, upland (=CR + BS), critical transition zone (=FS + TS), and wetland (OW + IW). A third scheme (UW) partitioned the catchment into two features, upland (= CR + BS + FS + TS), and wetland (OW + IW). The coarsest resolution (U) was made by representing the catchment by uplands only (i.e., uplands = CR + BS + FS + TS + OW + IW). For schemes with coarser resolutions, cumulative Rs of the coarser scheme was calculated as the mean of the cumulative Rs of the constituent topographic features (i.e., ''wetland'' is the mean of IW and OW cumulative Rs, ''critical transition zone'' is the mean of TS and FS cumulative Rs, and ''upland'' is represented by only the cumulative Rs of the BS), with the exception of the U model which is the mean of the cumulative Rs of BS only. The error in the spatially aggregated value of Rs was determined by multiplying the temporally integrated error for the snowfree period by the area of the catchment.
Sensitivity of Rs to Climatic Conditions
[24] Four scenarios were created to capture the extremes of climatic variability during the snowfree periods over the past 25 years and determine their effect on CAR. Since no soil environment data were available, we approximated the extremes by using the 5th and 95th percentile values of mean daily temperature and total daily precipitation for snowfree periods over the past 25 years to define these extremes (Figure 4) . The warm-dry (WD) scenario is based on 95th percentile of temperature and 5th percentile of precipitation. The warm-wet (WW) scenario is based on the 95th percentile of temperature and 95th percentile of precipitation. The cool-dry (CD) scenario is based on the 5th percentile of temperature and 5th percentile of precipitation, and the cool-wet (CW) scenario is based on the 5th percentile of temperature and the 95th percentile of precipitation. To create the daily soil temperature and daily soil moisture conditions for each of the climate scenarios, the percent difference between the temperature and precipitation for the scenario years (i.e., WD, WW, CD, CW) and 2005 were calculated. The percent differences between the years were then applied to the daily time series of soil temperature and soil moisture measurements recorded in 2005. This approach shifts the soil temperature and soil moisture by a constant percentage for the entire time series.
[25] We recognized that the timing of snowmelt in the spring and the initiation of snowpack in the autumn varies across the catchment among years. In order to compare Rs between different climate scenarios for which the snowfree period is unknown, a standard time interval of 1 April to 30 November was used to represent the time in which the majority of the catchment is generally free of snow. Even if the snowfree period varied from year to year, the majority (i.e., >90%) of Rs occurs during the growing season of May 1 to October 31 and therefore the effect of using a standard time interval of 1 April to 30 November was not considered significant.
Statistical Analyses
[26] A one-way analysis of variance (ANOVA) was done to examine the effects of environmental conditions in soils among backslopes of different aspects and a two-way ANOVA was done to examine the effects of topographic feature and aspect on carbon pools. The ANOVAs and posthoc pair-wise comparison tests (Tukey's) were performed using SigmaStat 2.03 [SPSS Inc., 1997].
Results
Effect of Topography on Environmental Drivers and Carbon Pools
[27] The first step to scaling Rs from topographic features on the northerly facing hillslopes up to the catchment was to explore the effect of aspect on the environmental drivers of Rs and the carbon pools that form the precursors of Rs. There were no significant differences in soil temperature (p = 0.760) or soil moisture (p = 0.393) among backslope features (where effect was expected to be most significant) of C35 or C38 during the summer months of 2005 (when effect was expected to be most significant) (Table 1) . Therefore, the soil temperature and soil moisture conditions measured at topographic features on the northerly hillslopes in C38 were assumed to be representative of topographic features among all hillslopes within both C35 and C38.
[28] There were significant differences in the size of the carbon pool of FFL (p = 0.007) and the quality (C:N) of the carbon pool of soil (p = 0.039) ( Table 2 ). Carbon in FFL was lowest on south and west aspects, moderate on north aspect, and highest on east aspect. The ratio of carbon to nitrogen in soil was lowest on north aspect, moderate on east and west aspects, and highest on south aspect. These differences in carbon pools due to aspect were accounted for by using the mean carbon pool value for each aspect of the topographic features in the estimate of CAR (Table 3) .
Effect of Spatial Partitioning Schemes on CAR in 2005
[29] In 2005, the six topographic features varied in cumulative Rs, with cumulative Rs highest in the footslope feature, followed by the toeslope, backslope, crest, inner wetland, and finally outer wetland (Table 4) . For the six feature scheme, CAR (±one standard error) was 11,391 kg C (±314 kg C or 2.8%) for the catchment with all topo- graphic features (C38) and 6,019 kg C (±154 kg C or 2.6%) for the catchment dominated by uplands (C35) ( Table 4) .
[30] The one feature scheme (upland) was the worst approximation of CAR ( Figure 5 ). In C35, CAR was underestimated by À7.3% (i.e., compared to the six feature scheme which is assumed to provide the most realistic and accurate estimate of Rs), because the one feature scheme assumed upland to be backslope (0.1893 kg C m À2 SFP
À1
) and did not take into consideration the higher rates of Rs from the crest, footslope and/or toeslope (Table 4 ). In C38, CAR was overestimated by 7.2% because the one feature scheme ignored wetlands which had the lowest rates of Rs (Table 4) .
[31] The two feature scheme (upland and wetland) was a good approximation for C38 (À1.8%) ( Figure 5 ). In C35, the CAR was underestimated to the same degree as the upland scheme since there was no wetland (À7.3%) ( Figure 5 ). The underestimation of CAR was less pronounced in C38 because the lower rates of Rs from the backslope (0.1893 kg C m À2 SFP
) were partially offset by higher than anticipated rates of Rs from the wetland. Overestimation in the wetland was attributed to taking the mean Rs of outer wetland (0.0963 kg C m À2 SFP À1 ) and inner wetland (0.1520 kg C m À2 SFP
), despite the larger area of the outer wetland (14.6%) compared to inner wetland (10.5%) ( Table 4) .
[32] The three feature scheme (upland, transition and wetland) was a good approximation to the six feature scheme for both C35 and C38 ( Figure 5 ). CAR was slightly underestimated in C35 (À2.0%); this was attributed to using the mean Rs of footslope (0.2686 kg C m À2 SFP À1 ) and toeslope (0.2188 kg C m À2 SFP À1 ), despite the larger area of footslope (15.3%) compared to toeslope (3.9%). CAR was slightly overestimated in C38 (2.9%); this was attributed to taking the mean Rs of footslope (0.2686 kg C m À2 SFP
) and toeslope (0.2188 kg C m À2 SFP
), despite the smaller area of footslope (4.9%) compared to toeslope (9.9%), and taking the mean Rs of outer wetland (0.0963 kg C m À2 SFP À1 ) and inner wetland (0.1520 kg C m À2 SFP À1 ), despite the larger area of the outer wetland (14.6%) compared to inner wetland (10.5%) ( Table 4 ).
Effect of Spatial Partitioning Schemes on CAR: Climatic Extremes From Past 25 Years
[33] For the climatic extremes from the past 25 years (1981 -2006) , cumulative Rs of the six topographic features differed in its sensitivity to climatic conditions (Table 5 ). The topographic feature with the greatest sensitivity to climate conditions (i.e., the greatest range in cumulative Rs over the snowfree period, SFP) was the inner wetland ). Cumulative Rs in the toeslope, outer wetland, and inner wetland was highest under warm-dry conditions. Cumulative Rs in the crest and backslope was highest under warm-wet conditions. On the other hand, cumulative Rs in the footslope was equally high under warm-dry and warmwet conditions (Table 5) .
[34] The differential response of topographic features to climatic conditions resulted in different estimates of CAR for C35 and C38 (Figure 6 ). Greater CAR occurred under warm conditions than cool conditions for both C35 and C38, but they differed in their response to moisture conditions. C35 produced the greatest CAR under wetter conditions, reflecting the positive response of cumulative Rs in crest and backslope to increases in soil moisture. In contrast, C38 produced the greatest CAR under drier conditions, reflecting the negative response of cumulative Rs in crest and backslope to decreases in soil moisture, but a positive response of cumulative Rs in toeslope, outer wetland, and inner wetland to decreases in soil moisture.
[35] The amount of spatial partitioning needed to adequately estimate CAR differed between catchments but was consistent among climate scenarios (Figure 7) . The basis for evaluating the performance of the spatial partitioning schemes was to compare it to the measurement error of CAR, which was ±2.6% for C35 and ±2.8% for C38. The one feature scheme performed poorly for both C35 and C38, underestimating CAR in C35 (from À4.2% to À7.4%) and overestimating CAR in C38 (from 7.6% to 30.8%). The two feature scheme had no effect on CAR for C35, but resulted in better estimates of CAR for C38, with estimates from À1.8% under cool-dry conditions to 3.2% in cool-wet conditions. The three feature scheme resulted in better estimates of CAR for C35, with estimates from À2.0% under dry conditions to À3.2% under wet conditions, but had no improvement on CAR for C38.
Scaling to the Regional Basin
[36] C35 and C38 represent extremes in the distribution of topographic features found within first-order catchments of the basin. Applying digital terrain analyses to the entire basin revealed that the basin was 72.7% upland (5.8% crest and 66.9% backslope), 18.0% critical transition zone (8.4% footslope and 9.6% toeslope), and 9.4% wetland (Table 6 ). In 2005, assuming the basin contained only upland (i.e., backslope) would result in an underestimation of 1.0% in cumulative Rs. Over the range of climatic conditions experienced in the past 25 years, cumulative Rs for the basin would have been underestimated by À0.9% in warmdry conditions and À0.6% in cool-dry conditions and overestimated by 4.3% in median conditions, by 9.3% in warm-wet conditions and by 9.7% in cool-wet conditions.
Discussion
[37] Determining catchment-aggregated Rs (CAR) from forest soils is important for predicting regional carbon budgets now and under different climate scenarios. Many studies have focused on quantifying Rs on relatively flat landscapes (see review by Hibbard et al. [2005] ), however, applying estimates of Rs derived from flat to hummocky areas to more rugged landscapes could result in significant errors. This study showed that if forests are classified as uplands, the error in estimates of cumulative Rs (growing season) under median climate conditions ranged from À6.1% for upland dominated catchments and up to 19.6% for catchments with uplands, critical transition zones and wetlands. Furthermore, the errors increased under more extreme climatic conditions. Herein, the nature of topographic controls on Rs are explored to determine the degree of spatial partitioning to accurately estimate catchment aggregated Rs (CAR) under a range of climatic conditions.
Topographic Controls on CAR
[38] The position of a topographic feature along a hillslope influenced cumulative Rs (i.e., the sum of daily Rs over the 1 April to 30 November ''snowfree'' period). Six topographic features [Conacher and Dalrymple, 1977] were identified along hillslopes: crest, backslope, footslope, toeslope, outer wetland and inner wetland. Using this six feature scheme as the most detailed representation of the catchment, it was observed that the footslope and toeslope were where the largest fluxes of Rs occurred because of synchronicity in optimal soil temperature and moisture conditions and a large supply of a high quality carbon [Webster et al., 2008] . These optimal conditions persisted for most of the snowfree period, therefore, the toeslope and footslope had high cumulative Rs over this period. In contrast, uplands were limited by conditions that were too dry during much of the mid to late summer, and wetlands were limited by conditions that were too wet for the majority of the snowfree period [Webster et al., 2008, Table 4 ], particularly in spring and autumn when the water table in the wetlands is near the ground surface [Rams, 2008] .
[39] The direction that the hillslope faced also influenced cumulative Rs. The effect of aspect was due to changes in the magnitude of the carbon pool within the FFL and quality (i.e., C:N) of the top 5 cm of A-horizon of mineral soil or peat (Table 2) , as soil temperature and moisture conditions were not found to differ with aspect (Table 1) . Low cumulative Rs on the north slopes could be linked to low C:N within the soil of these slopes, while higher cumulative Rs on the east slopes could be linked to larger carbon pools in the FFL and high C:N within the soils. These observations highlight the importance of the magnitude and distribution of substrate on the landscape in controlling the heterogeneity in Rs.
[40] Studies from other forest ecosystems also highlight the importance of including topographic controls when scaling Rs. For example, in a set of combined empirical and modeling studies from temperate forests in Korea, it was observed that landscape-aggregated estimates of Rs were inaccurate when topographic heterogeneity was not accounted for and that aspect (north versus south) affected soil moisture, soil temperature, soil organic matter pools and Rs [Kang et al., 2003 [Kang et al., , 2006 . 
Effects of Spatial Partitioning on CAR
[41] Collapsing the six topographic features of the catchment into fewer topographic units had a significant effect on CAR. The simplest partitioning of the catchments was to classify everything as uplands. Since the dominant feature within the upland is the backslope (e.g., 76.2% in C35 and 54.7% in C38), the cumulative Rs of the backslope was used to represent the catchment. This is a reasonable approach, as there were no optical clues from aerial photography or satellite imagery that revealed critical transition zones or wetlands underneath the forest canopy [Creed et al., 2003] . For median climatic conditions over the past 25 years (Figure 7) , we observed substantial deviations in CAR in both C35 (underestimated by À6.1%) and C38 (overestimated by 19.6%). For extreme climatic conditions over the past 25 years, we observed C35 consistently underestimated CAR and C38 overestimated CAR when using one upland feature. In C35, the deviations ranged from À4.2% in cool-wet and warm-wet conditions to À7.3% in cool-dry conditions and À7.4% in warm-dry conditions. In C38, the deviations were larger, ranging from 30.8% in cool-wet conditions and 30.1% in warm-wet conditions to 8.3% in cool-dry conditions and 7.6% in warm-dry conditions. The magnitude of these deviations was substantially larger than the estimated measurement error of CAR (2.6% in C35 and 2.8% in C38), therefore using uplands only is not appropriate when estimating CAR.
[42] Within the TLW basin, many hydrologic features such as wetlands and critical transition zones surrounding wetlands are hidden underneath the canopy and consequently ignored. However, there have recent advances in digital terrain analyses [e.g., Lindsay and Creed, 2005] that make it relatively easy to map the hydrologic features on forested landscapes. We used the digital terrain analyses developed by Lindsay and Creed [2005] and I. F. Creed et al. (manuscript in preparation, 2008) to delineate these hydrologic features in C35, C38 and the entire TLW basin.
[43] The inclusion of wetlands resulted in no improvement in CAR for C35, as there were no wetlands in C35 (Figure 7) . In contrast, the inclusion of wetlands resulted in better estimates of CAR in C38, reducing the deviation established in the one feature scheme from 30.8% to 3.2% in cool-wet conditions, from 30.1% to 3.0% in warm-wet conditions, from 8.3% to À1.8% in cool-dry conditions, and from 7.6% to À1.7% in warm-dry conditions. Including upland and wetland features would substantially improve estimates of CAR, but only for those catchments with wetlands.
[44] The further inclusion of critical transitions zones resulted in better estimates of CAR for C35 (which had 19.2% transition area) (Figure 7 ). For example, for median climatic conditions, the inclusion of critical transition zones reduced the deviation in CAR established for the one feature scheme from À6.1% to À2.6%. Similar improved results were also observed for the extreme climatic conditions. In contrast, the inclusion of critical transition zones resulted in worse estimates of CAR for C38 (which had 14.8% transition area). This was because the cumulative Rs of the toeslope and the footslope were weighted equally even though the toeslope area was greater than the footslope area which resulted in an exaggerated importance of footslope in the critical transition zone. Using the three feature scheme could improve estimates of CAR, but caution should be used in the selection of points to represent the critical transition zone, as this relatively small area had a broad range in Rs.
[45] Given the feature-specific responses to climate, applying coarser representations of the features on the landscape is not recommended. Coarser partitioning schemes provided reasonable estimates CAR for some climate extremes (e.g., underestimated by only 0.1% in C38 in median climatic conditions using two topographic features), but not all (e.g., overestimated by 30.8% in C38 in cool-wet conditions using one topographic feature). Therefore, the full suite of six topographic features should be used to estimate CAR.
[46] The TLW basin, contains many first-order catchments that drain into a chain of lakes, was represented by 72.7% upland, 18.0% critical transition zone, and 9.4% wetland, making the relative proportion of topographic features somewhere between C35 and C38 (Table 6 ). We adopted the one feature scheme and assumed that the TLW basin was covered by upland (i.e., backslope). Based on this assumption, the TLW basin aggregated Rs was overestimated by about 4.3% (median), ranging from overestimations of 9.7% in cool-wet conditions and 9.3% in warm-wet conditions to underestimations of 0.6% in cool-dry conditions and 0.8% in warm-dry conditions. Other basins with a greater proportion of critical transition zones and wetlands would have a greater error in basin aggregated Rs.
[47] For higher order basins, other factors may need to be considered. For example, Sotta et al. [2006] showed that information on both soil type (i.e., clay versus sand) and topography was needed to explain the pattern of Rs on a forested landscape in the Amazon. Devito et al. [2005] proposed that there is a hierarchy of factors that control hydrological and biogeochemical processes; climate, bedrock geology, surficial geology, forest type, soil type, as well as topography. The potential effects of this hierarchy of factors on Rs would need to be considered prior to estimating aggregated Rs for higher order basins.
Climatic Variability Versus Climate Change
[48] In the TLW basin, climatic conditions vary from year to year, but climate scenarios suggest warmer, and potentially drier, conditions, particularly during the growing season [Environment Canada, 2000] . Our findings suggest that catchments will have higher Rs, but the rate of increase in Rs will differ in response to this predicted climate change. The rate of increase in CAR will be lower in catchments with uplands than in catchments containing uplands but with substantial critical transition zones and wetlands. For example, the switch from cool-wet conditions in the mid 1980s to warm-dry conditions in recent years resulted in an increase in CAR of 1.5 times in C35, but 1.8 times in C38. Therefore, even relatively minor warming and drying can result in differential rates of increases in CAR.
[49] The differential response in CAR among catchments can be explained by the ''roaming'' nature of optimal soil moisture conditions for the production of Rs [Webster et al., 2008] . As climatic conditions become drier, optimal soil moisture conditions move from upland, down into critical transition zone, and eventually down into wetland. For example, the C38 wetland had low Rs under wet scenarios but high Rs under dry scenarios when the low water table resulted in the wetland functioning more like a critical transition zone than a wetland [Rams, 2008, Table 5 ]. Therefore, Rs in catchments dominated by uplands will respond less strongly to warm-dry conditions since higher rates of Rs rising from temperatures will be offset by limitations in soil moisture (Figure 6 ). In contrast, Rs in catchments with significant critical transition zones and wetlands will respond more strongly to warm-dry conditions as these warm-dry conditions will create optimal conditions for Rs in these zones.
[50] Our study examines the responses of forest soils to climatic variation over short (i.e., years to decades) timescales. Responses of forest soils to longer-term changes in climate are complex and will be linked to factors other than soil moisture and temperature, such as changes in the structure and function of the soil microbial communities [Reich et al., 2006] . There is still much uncertainty on how different components of forest ecosystems will respond and/ or adapt to a changing climate and more work is required to address these issues.
Conclusion
[51] In this paper, we explored topographic regulation of Rs in a forested basin in the Algoma Highlands of central Ontario, Canada. We explored the effect of different spatial partitioning schemes (e.g., one where many topographic features are represented versus ones where these features are averaged into fewer topographic features) on catchmentaggregated Rs (CAR) and the nature of this effect under different climatic conditions. We found that the ''status quo'' of treating the landscape as one feature (upland) resulted in poor estimates of CAR. The two feature (upland and wetland) and three feature (upland, critical transition zone, wetland) schemes improved estimates of CAR, but the performance of these spatial partitioning schemes was not always consistent (or correct) among catchments. The six feature scheme (i.e., crest, backslope, footslope, toeslope, outer and inner wetland) resulted in the best estimates of CAR and should be used in forested landscapes with substantial topographic relief. The importance of selecting an appropriate spatial partitioning scheme was highlighted when considering the disproportionate increase in rates of Rs from toeslope, outer and inner wetland features in response to the trend toward warmer and drier conditions in the region. The implication of this study is that there is a need to move away from networks focused on uplands only, and move toward networks that target hydrologic features including critical transitions zones and wetlands within catchments. Failure to include these hydrologic features could lead to large under-or over-estimates of Rs. Future studies will combine monitoring with modeling approaches as a means of corroborating CAR and determining the relative importance of Rs in forest carbon budgets.
